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Abstract -

During this contract, we have studied ballistic electron transport across metal layers and
metal/semiconductor interfaces using ballistic-electron-emission microscopy (BEEM). This
new technique, which uses a scanning tunneling microscope to inject electrons with a
controlled energy into a thin metal film. allows measurements (with spatial resolution
approaching 1 nm) of (i) the local Schottky barrier (SB) height. (ii) ballistic mean free paths
of energetic electrons (or holes), and (iii) transmission probability of hot carriers across the
metal/semiconductor interface. We have measured the attenuation length of hot electrons (1.5
eV above the Fermi level) in PtSi to be approximately 4 nm. The SB height of PtSi on n-
type Si (as determined by BEEM) is 0.87 eV, in good agreement with optical measurements.
We have also used BEEM to observe the sharp onset of inelastic scattering mechanivmý i,
Au/Si a,,%; ,i PtSi/Si. We experimentally demonstrated, for the first time, that the creation of
electron-hole pairs near the metal/semiconductor (M/S) interface significantly affects the
scattering of the ballistic electrons with energy greater than the semiconductor substrate
energy gap. In addition, we observe that the derivative BEEM spectrum of Au/Si(001) n-type
is rich with features which may correspond to either M/S interface states or to states in the
semiconductor bandgap near the interface. We suggest that these interface scattering processes
occur also for other M/S systems. Our experimental BEEM studies indicate that hot electron
transport is diffusive in the sense that electrons will scatter elastically many times before an
inelastic event will occur. We have demonstrated, for the first time. ac BEEM which was
found to give a linear threshold for the Schottky barrier, and it also clearly showed the onset
of electron-hole pair creation and other inelastic scattering events. We have also succeeded in
constructing a low temperature (liquid nitregen temperatures) BEEM head and have succeeded
in taking BEEM spectra of PtSi on p-type Si. It is our belief that these studies of ballistic
carrier transport will allow a fundamental determination of how to achieve higher quantum
efficiencies in Schottky-Barrier Infrared Detectors.
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Introduction

While the technology of Schottky barrier infrared detectors (SBIRDs) on silicon substrates is
fairly advanced, details about the ballistic propagation of photoexcited electrons or holes to
the metal/semiconductor (m/s) interface and the probability of transmission across the m/s
interface are not well understood. Scattering mechanisms in the metal layers for carriers
with energies a few tenths of an eV above the Fermi level are not well understood. In
addition. the energy dependence of the quantum mechanical reflection, which must occur at
the Schottky barrier (SB) between the metal and semiconductor, is generally ignored. The
details of the band structure and the effects of defects are included only phenomenologically,
if at all, since the experimental studies of these details have been difficult. In the past, the
development of SBIRDs has proceeded largely by trial and error with some clever physical
insight but little hard information. In addition, the development of new m/s interfaces with
potentially lower SB heights and with improved transmission coefficients has been slowed by
the requirement that high quality, uniform interfaces be created over large areas before the
photoresponse can be properly tested. A technique that allows the testing of ballistic
transmission of hot holes (or electrons) across very small regions which are likely to be defect
free would enable the exploration of many more potentially interesting m/s interfaces. The
materials development efforts (which generally are costly and time consuming) could then be
invested in only those systems which have demonstrated intrinsicaily high transmission
coefficients in the right wavelength range.

Here, we report on our studies of ballistic electron transport in Au/Si and in PtSi/Si using
ballistic-electron-emission microscopy (BEEM). This new microscopy technique uses a
scanning tunneling microscope (STM) to inject electrons with a controlled energy into a thin
metal film. BEEM allows measurements (with spatial resolution approaching 1 nm) of (i) the
local SB height, (ii) ballistic mean free paths of energetic electrons (or holes), and (iii)
transmission probability of hot carriers across the m/s interface. We have also begun work
depositing SiGe alloys on Si substrates to study ways to create lower SB heights for use
further into the infrared.

In ballistic-electron-emission microscopy (BEEM) and in ballistic-electron-emission
spectroscopy (BEES), the scanning-tunneling microscope (STM) tip functions as an emitter of
electrons which tunnel across a vacuum energy barrier into a base region consisting of a thin
metal overlayer on a collector region consisting of a semiconductor. An extra connection is
provided to the STM so that contacts are made to the STM tip, the thin metal layer, and the
semiconductor substrate. The STM becomes a three terminal device similar to a transistor.
The operation of BEEM is shown in a schematic energy diagram shown in Fig. 1. By
injecting electrons over a local base region and changing the STM tip-to-sample bias, one
does BEES, and by holding the bias voltage constant and scanning the STM tip over the
metal base. one does BEEM. By using BEES, one can study the energy dependence of
carrier transport within the metal base and across the metal/semiconductor (m/s) interface. By
using BEEM. one can study the spatial variation of the Schottky barrier height and of
transport across the metal base and across the m/s interface.

3



Imaging the metal/semiconductor interface ,!Irh !3 EEM

The superior spatial ,•iution of STM suggests that the spatial resolution of BEEM may be
excellent. The initial studv in BEEM promised a superior spatial resolution of 1-2 nm by
BEEM for a 5-nm-thick metal overlayer 111. This spatial resolution requires that the injected
electron beam remains ballistic in the metal base, i.e. no elastic scattering occurs and all
inelastic scattering takes away enough energy to thermalize the electrons. This requirement
contradicts the findings from experiments using internal photoemission that discovered
inelastic mean free path to be much longer than the elastic mean free path length in many
metals including Au. [21 It also contradicts the theoretical estimates on the inelastic mean
free path of electrons. [31 If, as the theory predicts, the inelastic mean free path length is
approximately 100 nm for an electron 1 eV above the Au Fermi level, then an electron
injected into a 5-nm-thick metal base will scatter elastically many times before it thermalizes,
and the spatial resolution of BEEM will be on the order of 10 iim.

It is important, however, to distinguish between the experimentally observed spatial resolution
and the spatial resolution f')r the ideal cases. If there are strongly scattering defects such as a
domain boundary, then sharp contrasts may be seen in the BEEM images across a grain
boundary, even though the intensity within each grain may be uniform. This effect may have
been observed by Niedermann et al. [4] It is important to realize that the spatial resolution
of BEEM is not the same everywhere, that the ideal case in which the metal overlayer is
single crystal has limited applications because defects such as grain boundaries are not
included.

A pair of STM and BEEM images is shown in Fig. 2. These images were taken from a
sample consisting of 100 A of Au on Si(001) n-type. The STM image shows a large step
running diagonally and a large island of Au on one side of it. The BEEM image shows a
large drop in the BEEM current over the Au island, and it also shows a large drop which
appears uncorrelated with any surface feature. It was expected that the BEEM current would
decrease over the Au island, since the injected electrons from the STM tip has to travel a
longer distance over a thicker portion of the Au overlayer. What is perhaps surprising is that
the drop in the BEEM current is so sudden, and also that the "search-light effect" is not
evident over the Au island edge. The BEEM current is nearly uniform within regions which
are sharply defined by 1-2 nm.

To get a more precise measure for the manifestation or the absence of the search-light effect,
individual lines from the region shown in Fig. 2 were examined. In Fig. 3 is shown a plot of
the surface *,ilt-angle from the surface normal calculated from a line scan, and also a plot of
the BEEM current over the same line. Ten line scans were averaged to decrease the noise in
the BEEM current. As in Fig. 2. it is seen in Fig. 3 that: (1) the drop in the BEEM current is
sudden, and (2) the search light effect is not present.

A test of the claim that electron transport is ballistic in the metal overlayer is the evidence for



or the lack of the "search-light effect." This effect arises because the tunneling electron
distribution from the STM tip is sharply peaked about the surface normal of the metal base.
If the metal surface is tilted with respect to the semiconductor substrate, then the injected
electrons V ill ha'e to travcl further than the thickness of the metal overlayer to reach the m/s
interface, the distance being greater if the tilt angle is greater. in the ballistic regime where
there is no elastic scattering, this effect should be noticeable, whereas, in the diffusive regime,
this effect should not be seen. We used the planar tunneling model (based on WKB
approximation for a trapezoidal barrier) as is commonly done. and we feel justified in using it
since a more sophisticated s-wave model by Tersoff gives nearly the same momentum
distribution of the tunneling electrons. 151 The absence of the search-light effect supports our
earlier Monte Carlo simulation [61 in indicating that the transport in Au base is diffusive.
Diffusive here means that the hot electrons will undergo many elastic (or "quasi-elastic")
scattering events before undergoing an inelastic scattering event which will cause the electron
to lose sufficient energy so as to be unable to cross the Schottky barrier.

Ballistic-electron-emission spectroscopy (BEES)

Figure 4 shows a BEEM spectrum from a data set in which the tip bias voltage, with respect
to the grounded Au (on Si(001) n-type), ranges from -400 to -1700 mV. The data set is an
average of 500 scans from which a linear function is subtracted to best give zero BEEM
current for data points more than 0.1 eV below the Schottky barrier threshold. Each BEEM
spectrum consisted of 131 points gotten by ramping the STM tip bias voltage down from -400
to -1700 in -10 mV steps, ramping it up from -1700 mV to -400 mV in +10 mV steps, and
then averaging tht two BEEM signal readings at each of the STM tip bias voltages. Because
of the low-pass filter, the STM tip bias voltage ramp rate was limited to about 2 Hz to allow
the transient electrical responses to decay. Given this data acquisition rate, it took 3-4 hours
to take one hundred BEEM spectra, and small variations in the ambient temperature during
the data acquisition inevitably resulted in some thermal drift. In our experiment, the STM tip
was allowed to drift over relatively large areas so that an averaged BEEM spectrum represents
a spatial average. It is entirely possible that the BEEM spectra taken has spatial variations
that can be correlated with surface features such as steps, terraces, domain boundaries, and
defects, but the experimental difficulty of localizing the STM tip for hours on any of those
features is formidable --- an extremely thermally stable STM, a very large signal to noise
ratio, a new and faster BEEM technique, or a combination of these will be necessary to do
such an experiment. It is our intention to pursue these possibilities in the follow-on contract.

To fit our data, we use an extension of the original BEEM theory by Bell and Kaiser[9]. We
have shown 171 that the similarity of the BEEM spectra for Au/Si(001) and Au/Si(l11)
necessitates the extension of the theory to include the effects of scattering in the metal
overlayer and near the M/S interface. In our theory, the BEEM current is given by the
following equation:
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f dExD(Ex)f dE~f (E) (i-cos (0_))H(E-eV-E,-(ks)G(V)I (V =a)
2/fdED(E,) fdE (1f (E) -f (E-eV))

(i)

where I is the BEEM current, V is the tip bias voltage with respect to the sample, e is the free
electron charge, E. and E, are the kinetic energies of the electrons in the STM tip associated
with the normal and the parallel components of the wave vector, E is the sum of E, and E,, f
is the Fermi-Dirac distribution, D is the WKB tunneling probability for a planar trapezoidal
barrier, H is the Heavyside step function, EF is the Fermi energy of the metal overlayer, Os is
the Schottky barrier height, a is an adjustable parameter, and 0c defines the critical angle
cone for the collection at the Schottky barrier maximum.

cos (0C) - (C+E ) 0.5 (2)
E-eV

Two implicit parameters in D(E,) are the tip to the sample separation s and the work function
0 of the metal tip. For the fit shown in Fig.4, we assumed that s =5 A5, O= 3 eV, Ef= 5.4
eV, because these are realistic values expected during the STM operation. We performed a
least square fit of the data shown in Fig. 4 to our theory with Os and ac as variables, and
computed X2 to determine the range of good fit values for Os and found it to be 780 ± 10
meV. The assumptions used to fit the BEEM spectrum threshold have been used successfully
by others (and are used here) even though Stiles and Hamann [10] have pointed out that a
variation in the STM tip to the sample separation as a function of the STM tip bias voltage
may be significant and will indeed affect the fitting parameters Os and a. The main point of
doing the fit was to emphasize the necessity of introducing the function G(V) in Eq. (1). It
will be explained later that G(V) is necessary to describe the sudden onset of inelastic
scattering in the high energy portion of the BEEM spectrum.

In deriving the above equations, we assumed that sufficient elastic scattering occurs in the
metal overlayer or at the interfaces to cause a complete momentum relaxation of the hot
electrons, resulting in an isotropic momentum distribution in the metal overlayer. We also
assumed that the energy is conserved, and that an electron can contribute to the BEEM
current only if it lies within the critical angle cone defined by 0. These assumptions are
supported by our earlier Monte Carlo simulation [7] of the elastic and the inelastic scattering
in the Au and at the interfaces. The assumption of the strong elastic scattering is expected to
be very good for Au/Si because of the rapid mixing of Au and Si and the roughness of the
Au/Si interface[ I l], and because of the long inelastic mean free path length for Au [ 12]. The
use of the WKB approximation for a planar trapezoidal tunnel barrier is justified because a
more sophisticated theory[5], taking into account the nonplanar shape of the STM tip, gives a



similar tunneling electron distribution.

1-ig. 5 shows the derivative BEEM spectrum made from the same data set used for Fig.4 by
doing least square fit of a quadratic function to five consecutive data points and calculating
the derivative with this function. The low noise in the data set and the fine sampling of the
BEEM current at 10 mV intervals allowed the differentiating procedure to give the derivative
spectrum in which several new features previously unidentified in the Au/Si BEEM spectrum
are prominent. Prior BEEM theories[7,9,13] predict that the BEEM spectrum behaves like a
thermally broadened square or a 5/2 power function near the threshold, and that it slowly
becomes linear and sublinear at high energies. Fig. 5 shows that, contrary to theoretical
expectations, there is a sharp high energy threshold at 1040 mV, and also that there are other
interesting features. At this time, we have examined many samples for this study and taken
thousands of BEEM spectra, and all the averaged spectra from the subsets examined by us
show the same sharp high energy threshold. although they vary in some of the other features.
An interpretation of this feature is that 1040) mV marks the opening of the scattering channel
for the exciton creation to occur at the Au/Si(001) n-type interface. Energetically, an electron
of energy 1040 meV above the Au Fermi sea is not allowed to form an exciton, but an optical
phonon in Si, which has energy of about 60 meV on the average[ 141, can assist the creation
of an exciton, which has binding energy of 14.7 meV 1151. At energies higher than 1120
meV, incident electrons are energetically allowed to form eiectron-hole pairs without phonon
assistance, and this opens another reaction channel. The two reactions discussed so far must
occur near the Au/Si(001) interface for the incident electron to have an available final state
either above the metal Fermi sea or into one of the unoccupied Au/Si interface states. One
should expect a square law rate for the electron-hole pair creation at the M/S interface by an
argument similar to that for the electron-electron scatteringi 161. This process is put into our
BEEM theory by the introduction of the function G in Eq. (1) defined as follows.

G(V) =I-PH(E-eV-Ef-E_,,) (E-eV-Ef-Eg•,)2• (3)

where E,-,, is the seuniconductor energy gap. and P is an adjustable parameter. For the fit
shown in Fig. 4, (x = 2.66 and 1 = 2.61 x 10-2. Fig. 4 shows that our theory tits the clata weil
over the entire range of the BEEM spectrum. Our theory explains the high energy roll-off of
the Au/Si BEEM spectrum. and reconciles the published BEEM data for Au/GaP[ 131, which
show no appreciable roll-off up to 2 eV (GaP has bandgap of 2.5 eV), with the data for
Au/Si! 171, which show significant roll-off by 2 eV. Our theory implies that, just as the
electron-electron scattering in the metal overlayer contributes to the reverse BEEM current,
the electron-hole pair creation also contributes. The published reverse BEEM data for
Au/Si(00l) n-type at 77 K shows a discrepancy between the reverse BEEM theory and the
data in the high energy regime[ 161. We suggest that this is due to the electron-hole pair
creation near the Au/Si interface followed by its decay into the Si leading to the contribution
of an electron to the BEEM current.
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In addition to the features around the Si energy gap. the derivati've BEEM spect-um also
shows other features due either to the Au/Si interface states or to the states in Si energy
bandgap. Fig. 6 shows four derivative BEEM spectra taken from the same sample at different
locations of Au/Si(001). Each spectrum is an average of lO spectra and was calculated as
described for Fig. 5. Common features, apparently due to the openings of reaction channels
at 1040 meV, at 1120 meV, and at 1230 meV are no:ed. Some of the sharp features in Fig.
6, one near 13501 mV for example. are less apparent in the average of a larger set of data
shown in Fig. 5. and this implies that these features are present only in a fraction of the
BEEM spectra, perhaps as a result of the thermal drift described earlier. The fact that the
sharp features seen in the average of 500 BEEM spectra shown in Fig. 5 are also apparent in
each of four averages of 100 BEENI spectra shown in Fig. 6 rules out infrequent noise in the
BEEM signal as the cause of these features. The exact location of the peaks shift by 0-30
mV from spectrum to spectrum, and this is probably caused either by the sensitivity of the
derivative spectra to noise in the data or by a spatial dependence of these features.

Unambiguous interpretation of the peak at 1230 meV and other features apparent in Fig. 5
and Fig. 6 are difficult for the Au/Si interface because it is relatively complex: Au and Si
mixes across the interface in time, Au is known to create deep impurity levels in Si
bandgap[ 181, Si has intrinsic interface statesl 191, and Au may create interface defect states.
The observed features should not be due to states in the metal overlayer. because the Au
density of states is smooth near its Fermi level. As discussed below (in the ac BEES
Section), studies of PtSi/Si show that its derivative BEEM spectrum also contains several
sharp features, and that it has just as strong a threshold due to the exciton creation as
Au/Si(l)I)l). This implie,; that the electron-hole pair creation is universal (preliminary studies
of CoSi, have also shown this effect) to ballistic electron transport across m/s interfaces.

In conclusion, we have demonstrated that the roll-off of the Au/Si BEEM spectrum at
encrgies well above the Schottky barrier threshold is predominantly due to electron-hole pair
creation. Ot11-r f!atures are observed in the derivative BEEM spectrum which we believe are
due to the onset of other inelastic scattering processes. These findings reconcile some of the
previously unexplained observations in other BEEM experiments, and we suggest that the
derivative BEEM spectroscopy should be used to reexamine other NI/S systems such as
PtSi/Si anti PtSi/Si(Je. [he combination of BEL1 ,i's excellent ::pati-ll resolution and the good
energy resolution demonstrated here for Au/Si proves BEEM to be a powerful technique for
studying the electron and the hole scattering at the M/S interface in general and, in particular.
for determining the effects of the interface states and the localized d1fefcts.

ac Ballistic-electron-emissi.m spectroscopy (ac BEES)

An ac BEES spectrum for our Au/Si sample is shown in Fig. 7. The spectrum can be
compared to the derivative of a dc BEES spectrum shown in Fig. 5. and it is found that the ac
BEES spectrum shows less noise below the Schottky barrier energy. The dc BEES spectrum
and the ac BEES spectrum are both averages of many spectra taken o)ver a few hours. Each



spectrum that was averaged consisted of many data points, and the dc BEES data points were
taken at a rte of few Hz while the ac BEES data points were taken at a few tenth of Hz.
The quality of the ac BEES spectrum demonstrates that the signal-to-noise ratio of each data
point was better than for the conventional dc BEES. This can be understood in terms of the
no.se bandwidth. In dc BEES, the noise bandwidth was approximately 10 Hz due to the
passive low pass filter that we used. In ac BEES, the lock-in detects only the reference
frequency within the precision of the amplifier. In our case. the bandwidth of the lock-in was
set at 1 Hz (determined by the output filters of the phase-sensitive detectors and as a
compromise between narrowing the bandwidth and increasing the data acquisition time) and
hence ac BEES data has' at least ten times the signal-to-noise ratio of dc BEES data.
presuming that the power spectral density of noise is nearly flat or behaves like I/f below 10
Hz.

An ac BEES spectrum of Au/PtSi/Si is shown in Fig. 8. For PtSi layer 50 A thick, the
BEES signal was approximately 1/5 that of Au/Si with same thickness of Au overlayer and
this makes the ac BEES spectrum appear noisier, but the major features such as the Schottky
barrier height and the onset of electron-hole pair creation can still be read easily from the
figure. The lower BEEM current was due, in part, to the shorter attenuation length of
electrons in PtSi as described in the next Section.

There are several methods of doing ac BEES, but the simplest uses the constant tunnel current
mode. In this method, the tunnel current is maintained to be constant, and the BEEM current
is the following function of time.

I,, ( t) = I ( Vdct+ Voe1W t) +N( t0 (4)

where V, is the amplitude of the ac modulation, w is the angular frequency of ac modulation,
V,,, is the STM tip bias voltage to which the ac modulation is added, I is the dc BEEM
spectrum. and N W) is noise. The Fourier component of the BEEM signal a: W is

I(w) =F. T. [I,,(t)) ] o Tl I(Vdc+Voei't) e-iwtdt , (5)

where F. T. denotes the operation of Fourier Transform and T is the finite time interval of
integration. It can be shown rigorously 1201 that

-vai
Ir((a) = ,,-V 1 V., , (6)

The lock-in measures the RMS value of the signal at the lock-in frequency. and this is equal
to I() I/VI .



There are several advantages to doing ac BEES. First, the ac BEES spectrum, being same as
the derivative of the dc BEES spectrum, shows energy dependent features much clearer than
the dc BEES spectrum. For example, the Schottky barrier height can be easily determined by
linear interpolation of a portion of the ac BEES spectrum just above the threshold, instead of
relying on time consuming fit routines which are model-dependent. Furthermore, the linearity
of the Schottky barrier threshold allows easy detection of deviation from it, such as the
opening of higher energy threshold due to the creation of electron-hole pairs at the m/s
interface at the energy of 1040 meV. Higher doping of the semiconductor substrate may
increase the effect of quantum mechanical reflection (QMR) to change the linear threshold to
3/2 power 1211. but at 101 cm3 or less the energy dependence of QMR is expected to be
significantly weakened by phonon scattering in the semiconductor [221. Impact ionization in
the semiconductor depletion region 1231 and electron-electron interaction in the metal [131
modify the dc BEES spectrum at high STM tip bias, and these will be also more apparent in
the ac BEES spectrum.

Another advantage of ac BEES is that the signal frequency can be high, and this allows the
potential for faster data acquisition and also for taking data in a frequency range where there
is a minimum amount of noise. For example, one may decide to use I kHz as the ac
modulation frequency; at that frequency, the 1/f noise is negligible, and data can be taken at
a few hundred Hz rate. In our case, ac BEES could not be done at high frequency due to a
capacitive coupling between the STM tip wires and the BEEM signal wires and also due to
the small bandwidth of our amplifiers. However, both of these problems are specific to the
experimental setup used, and they can be significantly reduced in principle by shielding and
by using higher harmonics of the reference signal.

Determination u.hf atenaon hot electrons in PtSi

The attenuation length of electrons in PtSi was determined by making measurements on three
different Au/PtSi/Si (n-type) samples with 0, 50, and 100 A thicknesses of PtSi. The
magnitude of the BEES current showed a simple exponential PtSi-thickness dependence with
an attenuation length of 4 nm. A plot of this data along with the fitted attenuation length is
shown in Fig. 9. We are planning to complete attenuation length measurement- of hot holes in
PtSi on p-type Si on the follow-or contract.

Growth of_ SiGe alloysin the Si MBE system

We completed reconfiguration of our Si MBE chamber s. that we are now able to deposit
SiGe alloys followed by PtSi deposition in the same UHV chamber. We have begun work on
this project antd have shipped some of the SiGe samples to Dr. Jimenez at Rome Laboratory
for Schottky barrier testing. Problems, however, with the Inficon Sentinel, which is being
used to control the rate of metal deposition, prevented us from doing much experimental
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work on this system during the current contract. It will be pursued further in the follow-on
contract.

Lw temperature BEEM measurements

As indicated in our proposal. it is necessary to make BEEM measurements of PtSi on p-type
Si at liquid nitrogen temperatures because the low Schottky barrier height results in too low
an effective resistance between the metal layer and the semiconductor substrate at room
temperature. To make these measurements, we have constructed a new STM head which is
designed to function in a liquid nitrogen bath. In addition, we have constructed a dry box
which houses the microscope and the liquid nitrogen bath. The dry box was required to avoid
condensation of water vapor in addition to protectecting the surface of reactive samples. This
part of the project was completed during the summer of 1992, however, problems with the
microscope prevented us from being able to immediately take useful BEEM data. We have
been able to solve these problems and have now started taking BEEM data on PtSi on p-type
Si. Initial results are shown in Fig. 10 which is a BEES spectrum taken with tunnel current
of 0.9 nA. It is an average of 100 files, and no offset subtraction nor smoothing was done.
The PtSi sample was supplied by Dr. Jimene7 from Rome Laboratory and consisted of 5 nm
of PtSi on Si(()()1) p-type. We then deposited 5 nm of Au on top of the PtSi layer. From
the fit, the Schottky barrier height comes out to be 0.28 eV. This seems unreasonably high
when compared with pihotoresponse measurements. We are presently in the process of
determining the cause of this high barrier height. At least one possibility is that the sample
was damaged in the initial BEEM measurements. Another is that there is significant spatial
variation of the Schottky barrier height which. of course, would be of great interest.
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Figure Captions

Fig. 1: In BEEM, the STM tip functions as an emitter of electrons, some of which travel
across the thin metal base and across the metal/semiconductor interface into the
semiconductor collector.

Fig. 2: A scanning tunneling microscope (STM) image and the corresponding BEEM image
is shown for 10 nm of Au evaporated on Si(001) n-type. The tunnel current was 0.9 nA, and
the scanned area was 35 x 35 nm,,

Fig. 3: The ty<perimentally measured tilt angle and the BEEM current is shown for a line
scan across the region shown in Fig. 2. As explained in the text, the search-light effect is not
seen.

Fig. 4: A BEEM spectrum averaged from 500 experimental BEEM spectra taken at 0.9 nA
constant tunnel current on a 7 nm thick Au/Si(001) n-type is shown with a theoretical fit
using Eq. (1). Only every fifth point, from the original data set of 131 points, is shown.

Fig. 5: The derivative BEEM spectrum of the data shown in Fig. 4, calculated as described
in the text, is shown. A sharp threshold about the energy gap of Si at 1.12 eV is apparent, as
are other interesting features.

Fig. 6: Four derivative BEEM spectra are shown which are taken from different subsets of
the experimental data set. These spectra show that there are common features in the
derivative BEEM spectra that we propose are associated with the creation of electron-hole
pairs and also with other inelastic scattering processes occurring near the metal/semiconductor
interface.

Fig. 7: An ac BEES spectrum of Au/Si(001) n-type is shown. The ac modulation amplitude
was 1(0 mV RMS. The linear Schottky barrier threshold starting at 800 mV and also other
features at higher energies are easily seen, in contrast to the conventional dc BEES spectrum.

Fig. 8: An ac BEES of Au/PtSi/Si(0()l) n-type is shown. Similar features as Au/Si are seen,
but some details are distinct. The smaller BEES signal makes the spectrum appear noisier.

Fig 9: The attenuation of the BEEM current in Au/PtSi/Si(0()(l) n-type is shown as a function
of the PtSi thickness. The thickness of the Au layer was always 5 nm and the STM tip bias
voltage was -1.5 V with respect to the sample. The tunnel current was kept fixed at 0.9 nA.
A fit. assuming an exponential relationship, is also shown.

Fig. 10: A BEEM spectra of Au/PtSi/Si (p-type) is shown which was taken at 77 K. A
complete description of how the spectrum was taken is given in the text.
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MISSION

OF

ROME LABORATORY

Rome Laboratory plans and executes an interdisciplinary program in re-

search, development, test, and technology transition in support of Air

Force Command, Control, Communications and Intelligence (C 3I) activities
for all Air Force platforms. It also executes selected acquisition programs

in several areas of expertise. Tecl,,ical and engineering support within

areas of competence is provided to ESD Program Offices (POs) and other

ESD elements to perform effective acquisition of C3 1 systems. In addition,

Rome Laboratory's technology supports other AFSC Product Divisions, the

Air Force user community, and other DOD and non-DOD agencies. Rome

Laboratory maintains technical competence and research programs in areas

including, but not limited to, communications, command and control, battle

management, intelligence information processing, computational sciences

and software producibility, wide area surveillanceisensors, signal proaes-

sing, solid state sciences, photonics, electromagnetic technology', super-

conductivity, and electronic reliability/maintainability and testabilitoy.


